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Raman spectroscopy is a vibrational technique that provides detailed molecular 
and structural information for organic and inorganic molecules and minerals, and is 
uniquely suited for spacecraft applications, in the search for chemical indicators of life. 
This is why NASA sent two Raman spectrometers to Mars on the Mars 2020 
Perseverance rover, as part of the SuperCam and SHERLOC instruments.  The Raman 
spectrometers on Perseverance are conventional dispersive instruments that have been 
engineered to survive the harsh conditions of spaceflight.  Future missions could benefit 
from smaller, more robust designs, especially missions to the Jovian planets, Jupiter and 
Saturn, their moons, asteroids and comets. The spatial heterodyne Raman spectrometer 
(SHRS) is one such spectrometer that has the potential to fit these needs. The SHRS is a 
Fourier transform interferometer with no moving parts that is capable of high spectral 
resolution, large spectral range, and very high light throughput as compared to dispersive 
slit-based spectrometers. And its design is compatible with monolithic construction 
techniques.   
This work describes a monolithic spatial heterodyne Raman spectrometer 
(mSHRS), where the optical components of the spectrometer are bonded to make a small, 
stable, one-piece structure. The mSHRS is very compact, measuring about 3.5 x 2.5 x 2.5 
cm in size and weighing about 80 g. When compared to previously described free 
standing SHRS, the mSHRS was found to be more stable, have higher SNR, a large 
spectral range, and higher spectral resolution, and  provided high SNR using CMOS
 vii 
camera detectors. The small size and high light throughput of the mSHRS makes it 
suitable for use with small platforms such as commercial drones, using the drone’s 
CMOS cameras as the detector. In drone studies, we found the performance of the 
mSHRS to be comparable to lab bench top measurements and the wide field of view of 
the mSHRS allowed measurements without the use of any collection optics, other than 
the drone camera lens. For some drone tests, an optical fiber was used to deliver the laser 
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1.1 SPACE EXPLORATION  
Since space flight began in 1957 with the launch of the first artificial satellite, 
Sputnik 1,1 our knowledge and understanding of our solar system has grown by leaps and 
bounds. Each mission to planets and moons within Earth’s celestial neighborhood has 
brought back new discoveries, some of which include evidence that the Moon is less dry 
than once thought,2 recent volcanic activity on Venus,3 and extensive deposits of near-
surface ice on Mars.4 Another big thing scientists have learned is that our solar system is 
full of water, even on Pluto and the asteroid Ceres.5,6 One discovery closer to home has 
been the presence of extremophiles, organisms found on Earth any place there is liquid 
water, no matter how extreme the conditions, including high temperature, high alkalinity 
or acidity, and even high radiation environments.7  Combined, these two discoveries are 
important because they are what has driven the search for extraterrestrial life in recent 
years, influencing NASA’s new motto “Follow the Water”. However, while planetary 
science has seen a tremendous growth in knowledge in the past 50 years, there are still 
many questions left unanswered about our solar system. In 2013, NASA released the 
Planetary Decadal Survey which broke down the questions and motivation for planetary 
science into three, broad crosscutting themes: building new worlds, planetary habitats, and 
workings of solar systems. Each of the scientific themes brings its own set of questions. 
First, building new worlds focuses on understanding the solar systems beginnings and 
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trying to answer what were the initial stages, conditions, and processes of the solar system 
formation and the nature of the interstellar matter that was incorporated. Second, planetary 
habitats encompass the search for the requirements for life, including finding the primordial 
sources of organic material, and if any of the planets, such as Mars or Venus, were host to 
ancient aqueous environments conducive to early life. Third, workings of solar systems 
focuses on revealing planetary processes through time. This category of study looks at how 
studying the other planets and their atmospheres could help us better understand Earth’s 
atmosphere as well as how the chemical and physical processes that shaped the solar 
system have operated, interacted, and evolved over time.8 The questions that each category 
pose cannot be addressed by a single space mission and hint at one or more solar system 
bodies that may hold clues or other important information necessary for their resolution. 
Thus, it is vital that our efforts to explore and research the space that surrounds our planet 
continue and adapt as new technology becomes available to us. 
1.2 HUMAN SPACE FLIGHT AND SATELLITE EXPLORATION 
As mentioned previously, orbital space flight began in 1957 with the launch of the 
first artificial satellite, Sputnik I. A short four years later, the first human astronaut, Yuri 
Gagarin, made one orbit around earth in 1961 and eight years following that, Neil 
Armstrong became the first human to set foot on the moon in 1969.1 However, since the 
1970’s, human space exploration has been limited to low Earth orbit missions that are made 
complex and costly by the need for life support systems, food, water, waste management, 
radiation protection and return fuel. To aid with exploration beyond low Earth orbit, 
unmanned probes and rovers have been traveling our solar system to gather information 
and help scientists ascertain the best locations for further investigation. 
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The next phase of space exploration included sending spacecraft to orbit and image 
many of the planets and large moons in our solar system. Both the U.S.S.R and U.S.A. 
launched a series of probes during the Cold War to study Venus and Mars, named the 
Venera and Mariner respectively.1,9 In the 1970s, Pioneer 10 was launched to study Jupiter 
and provide images of the planet and its inner moons and became the first spacecraft to 
escape the solar system.10 Following the Pioneer launch, the twin spacecrafts Voyager 1 
and 2 were launched in 1977. Their primary mission was to explore Jupiter and Saturn, 
which they reached in the 1980s and made several discoveries including the active 
volcanoes on Jupiter’s moon Io and the intricacies of Saturn’s rings. Voyager 2 went on to 
explore Uranus and Neptune, and still remains the only spacecraft to have visited those 
outer planets. In 2012 Voyager 1 entered into interstellar space, the region between stars, 
and Voyager 2 joined its twin there six years later in 2018. At the time of this writing, both 
spacecraft are still sending information about their surroundings through the Deep Space 
Network.11 In 1989, the spacecraft Galileo was launched by NASA and reached Jupiter in 
1995, becoming the first spacecraft to orbit an outer planet. It orbited Jupiter for almost 
eight years and found several key discoveries including that a global ocean of liquid water 
exist under the icy surface of Jupiter’s moon Europa.12 While spacecraft have traversed 
much of our solar system, there is still much to learn. Currently, the most advanced 
planetary satellite in orbit is the Mars Reconnaissance Orbiter (MRO). The MRO includes 
four imaging systems: the High Resolution Imaging Science Experiment (HiRISE) camera 
which can photograph Mars’ surface and show features as small as 1 meter across; the 
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM), a near IR imaging 
spectrometer that can identify mineralogical surface features; the Mars Color Imager 
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(MARCI), a UV imager designed for climate tracking, and the Context Camera (CTX), a 
camera designed to provide wide swath pictures to provide spatial context for other MRO 
observations. In addition to these systems, the MRO has instruments for tracking the 
weather, vapor pressure, and dust variations of the Martian atmosphere, Radar designed to 
detect underground layers of rock, ice, or water, and radio communication Doppler shift 
monitoring to study the gravitational fields of Mars.13-16 While the planetary satellites can 
provide scientists considerable image and some mineralogical information, there is a limit 
to the amount and types of information that can be gathered from above a planet’s surface, 
so it is necessary to use planetary landers to explore complex chemical processes or in the 
search for extraterrestrial life. 
1.3 EXPLORING PLANETARY SURFACES 
Starting in the 1970’s, both the U.S.S.R and the U.S.A. began sending planetary 
landers to other planets in order to gather more information about the planets’ surfaces, 
such as what the surfaces were made of and looking for signs of life. The U.S.S.R and the 
U.S.A. sent the Venera and the Pioneer landers respectively to Venus, with both sets of 
landers containing a payload of instruments including but not limited to seismic monitors, 
gas chromatographs, mass spectrometers, x-ray fluorescence spectrometers, UV, visible, 
and IR photometers and spectrometers, gamma-ray spectrometers, anemometers, and 
hyrometers.9,10 The U.S.S.R. sent landers to Mars, however the landers either crashed or 
the signal of the lander was lost very shortly after making it to the surface.17 NASA’s 
Viking Project was the first U.S. mission to land a spacecraft safely on the surface of Mars 
and return images of the surface. Viking 1 and 2 were landers that made it to Mars in 1976 
and took photographs of the Martian surface as well as conducted biological experiments 
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designed to look for possible signs of life.18 While the landers on Mars and Venus gave 
scientist their most complete view of the planets surfaces yet, the decline of the Cold War 
also caused a brief lull in surface based planetary exploration  
In the 1990’s, surface based missions saw a resurgence with NASA’s Sojourner, 
the first Mars rover. Sojourner was part of the Pathfinder mission, a project designed to 
demonstrate a low cost method for delivering scientific instruments to Mars and was the 
first wheeled vehicle to be used on another planet. The rover landed on the planet using an 
air bag landing system and innovative petal design, which is still being used in various 
arrangements to land rovers on the surface of Mars. During its 83 day mission, Sojourner 
used a variety of cameras for imaging the surface and an alpha photon x-ray spectrometer 
(APXS) for determination of composition of mineral samples.19 Following Sojourner, in 
2004 the twin rovers Spirit and Opportunity landed on opposite sides of Mars. At nearly 
7x Sojourner’s size, both rovers had a much larger scientific payload, including a 
microscopic imager (MI), a miniature thermal emission spectrometer (Mini – TES), a 
Mössbauer Spectrometer (MB), an APXS, a Rock Abrasion Tool (RAT), and an array of 
imaging cameras. While each rover only had a planned 90-day mission, they both lasted 
much longer than expected, with Spirit’s mission ending in May 2011 after becoming 
permanently stuck in soft soil and Opportunity’s last communication coming in on June 
10, 2018.20-22 Nasa’s next mission to Mars was Curiosity, a 900 kg rover which landed on 
the surface of Mars in 2012. At 10 feet long, it was about twice as long and five times as 
heavy as the twin rovers. The size of Curiosity prevented it from taking advantage of the 
airbag-assisted landing. Instead, the Mars Science Laboratory used a guided entry and sky 
crane touchdown system to land the rover, which allowed for a gentle, high precision 
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delivery. Thanks to Curiosity’s size and new delivery system, its scientific payload was 
much larger and complex than the previous rovers. Curiosity’s payload includes a variety 
of cameras, an APXS, a remote Laser Induced Breakdown Spectrometer (LIBS) and 
Micro-Imager (RMI) known as ChemCam that can make measurements up to 7 meters 
away, a x-ray powder diffraction (XRD) spectrometer, x-ray fluorescence (XRF) 
spectrometer, quadrupole mass – spectrometer, gas chromatograph, tunable laser 
spectrometer, and dynamic albedo of neutron instruments to detect hydrogen or liquid and 
solid water. While Curiosity had a primary mission time of one Martian year, or 687 Earth 
days, at the time of this writing, it still continues to operate and explore the Martian 
surface.23 One of the latest missions to Mars is NASA’s Perseverance rover which will land 
on the surface in early 2021. Perseverance’s body and hardware was built on the success 
of Curiosity and carries many of the heritage components, being approximately the same 
size and only 126 kg heavier. However, many of the scientific instruments on Perseverance 
had been upgraded and it carried some new resources to aid it in its mission of seeking 
signs of ancient life as well as collecting samples of rock and regolith that might contain 
evidence of past or present life, for possible return to Earth. Along with an impressive array 
of cameras, Perseverance also includes an upgrade to ChemCam, named SuperCam, which 
is capable of Raman spectroscopy, time resolved fluorescence (TRF) spectroscopy, Visible 
and Infrared (VISIR) Reflectance spectroscopy, LIBS, and RMI, as well as other 
instruments such as a UV Raman spectrometer, a ground penetrating radar (GPR) system, 
and sensors for measuring temperature, humidity, radiation, dust, pressure, thermal IR, and 
wind speed and a sensitive microphone. There is also the Mars Oxygen In-Situ Resource 
Utilization Experiment (MOXIE), an instrument that will take carbon dioxide from the 
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Martian atmosphere and convert it into oxygen. If successful, this technology could be use 
by future astronauts to create rocket fuel for the return to Earth.24 Finally, Perseverance 
carried with her an experimental helicopter named Ingenuity which tested the first flight 
on Mars. Solely a demonstration of technology to prove powered flight in the thin 
atmosphere of Mars, Ingenuity weighed about 2 kg and had counter rotating blades that 
spin at about 2400 rpm, much faster than a helicopter would spin on earth. Having cameras 
in the air in future Mars missions would give scientists a new perspective on a region’s 
geology and allow them access to areas too slippery or steep to navigate using a rover.25 
Over all, Perseverance played host to several highly prescience scientific instruments, 
many of which had never been used on another planet’s surface before, which will lead to 
important discoveries about the planet and possibly information about the existence of 
early life on Mars. MOXIE and other instruments also begin to lay the ground work for 
future missions and for the eventual day that astronauts will walk on the Martian surface. 
1.4 OPTICAL SPECTROMETERS 
Optical spectroscopy can provide elemental and/or structural chemical information 
about a given sample or even map the locations of chemical components in a sample via 
imaging, thus making it a particularly useful technique for planetary exploration. Though 
there are many different types of spectroscopy, some can be fast, nondestructive, do not 
require contact with the sample or any form of sample preparation, and can come in a small 
package with low power requirements. Recent examples of optical spectrometers on 
missions to Mars include the ChemCam and SuperCam instruments on the Curiosity and 
Perseverance rovers respectively. The ChemCam is a standoff LIBS spectrometer that is 
capable of making measurements at up to 7 m away from the rover with a full 360° view. 
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By ablating a spot size smaller than 1 millimeter, the ChemCam is used to determine the 
composition of the soil and measure the abundance of chemical elements in the rocks in a 
rapid manner.26 The SuperCam on Perseverance has the same LIBS capabilities as 
ChemCam, however, it also has several other techniques, including Raman spectroscopy. 
Raman is a vibrational spectroscopy technique that is capable of providing a molecular 
fingerprint of solid, liquid, and gaseous samples without any sample preparation. This 
technique is also nondestructive, fast, capable of being used to identify minerals, water, 
ice, and organic molecules that may be indicative of past or present life. Raman 
spectroscopy can be used in ambient light conditions and imaging Raman can be used to 
map the distribution of chemicals in a sample.27  SuperCam can be used to perform Raman 
measurements using a 532 nm pulsed laser for samples up to 12 m away from the rover, 
and provide information about the mineralogy and molecular structure of the samples.24 
Perseverance also has one other Raman spectrometer, the Scanning Habitable 
Environments with Raman and Luminescence for Organics and Chemicals (SHERLOC), 
which is a deep UV resonance Raman spectrometer capable of highly sensitivity detection 
and useful for characterization of organics and minerals in the Martian surface and near 
subsurface. While SHERLOC does not have the same standoff capabilities as SuperCam’s 
Raman spectrometer, it can provide an image of a 7 mm x 7 mm area that will allow 
scientists to assess past aqueous history, detect the presence and preservation of potential 
biosignatures, and select samples for return to Earth.28 
1.5 SPATIAL HETERODYNE RAMAN SPECTROMETER 
The Raman and LIBS spectrometers on the Curiosity and Perseverance rovers are 
ruggedized designs that are based on commercial systems, and are thus relatively large and 
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heavy.  Smaller and more robust designs would provide more flexibility for future missions 
to the planets, planetary moons, asteroids, comets or the Earth’s Moon.  This thesis focuses 
on the development of a new type of miniature Raman spectrometer, the spatial heterodyne 
Raman spectrometer (SHRS), an instrument that would be suitable for future space 
exploration. The SHRS is a fixed grating interferometer that has many features that are 
beneficial for space exploration applications: large spectral range, high resolution, wide 
acceptance angle, and high throughput can be obtained with an instrument size much 
smaller than conventional Raman spectrometers.29 Additionally, since the SHRS has no 
moving parts, it can be made using monolithic construction techniques, in which all of the 
optical components are bound together with an optical adhesive, creating a single piece 
which is small and stable in comparison to other multi-piece interferometers. The SHRS 
has a large entrance aperture and a wide acceptance angle, which when combined, allow 
for large parts of the sample to be viewed simultaneously—a large field of view (FOV). 
The ability to view large areas of the sample simultaneously can also be useful for one shot 
1D and 2D Hyperspectral Raman imaging.30,31 The wide FOV of the SHRS can be used to 
reduce laser-induced photodegradation of the sample by allowing a large laser spot to be 
used, with no loss of sensitivity.  This has been shown to be useful for deep-UV Raman 
measurements, where the Raman cross section is greatly increased but where sample 
photodegradation caused by the use of a tightly focused laser, can greatly reduce the 
observed intensity.32 To get around this problem, the large field-of-view of the SHRS 
allows for the excitation laser to be defocused to lower the laser irradiance while 
maintaining the same laser power on the sample, thus avoiding photodegradation and 
increasing the amount of Raman scattered light collected by the spectrometer.  As will be 
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discussed in further chapters, the SHRS has many qualities that will should prove beneficial 
for future space exploration.  
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CHAPTER 2: 
SPATIAL HETERODYNE SPECTROMETER  
2.1 GENERAL INTRODUCTION 
The spatial heterodyne spectrometer (SHS) was first developed by Dohi et al. in 
1970,1 and was adapted by Harlander et al. in 1991 for emission studies,2 however the SHS 
has many features that make it a useful instrument for a variety of spectroscopy 
applications. The SHS has a compact size, large spectral range using a relatively small 
number of detector elements, high spectral resolution, and high light throughput in 
comparison to dispersive spectrometers of comparable size. Dispersive spectrometers 
require long focal length optics and very narrow slits to achieve high resolution, which 
decrease light throughput and increases the footprint of the instrument. The SHS does not 
share either of these requirements.3 Fourier transform spectrometers (FTS), such as the 
Michelson interferometer, enjoy a multiplex advantage where the signal-to-noise ratio is 
increase with respect to dispersive systems because all wavelengths are measured by a 
single detector. While the SHS does not share the full multiplex advantage, it does gain a 
partial multiplex advantage over dispersive systems due to the photon flux at each detector 
element being greater than those experience by dispersive system, as a result of the high 
light throughput of the SHS.4 Due to the lack of a slit, interferometers have a much larger 
entendue than dispersive spectrometers, generally 200 times greater.2 The SHS has this 
same advantage and can achieve sensitivities two orders of magnitude greater than those 
 15 
of conventional dispersive spectrometers, for extended sources.3 Another advantage that 
FTS systems, and the SHS, have over dispersive systems is a wide acceptance angle at the 
grating. The basic design of a SHS has an acceptance angle of ~1°. This can be further 
increased up to 10° in the SHS with the use of field-widening prisms, placed between the 
beam splitter and the gratings.3 Using the SHS, an entire spectrum can be collected 
simultaneously with no moving parts because the SHS is non-scanning. This also helps 
avoid certain types of noise. Some FTS systems have scintillation noise, a type of noise 
that occurs when the interferogram is collected as a function of time and variations in 
source intensity introduce artifacts into the spectrum. However, the SHS measures every 
spectral element simultaneously and is thus immune to scintillation noise.4 Also, the SHS 
can be constructed in monolithic design, which makes it extremely robust, easy to align, 
and decreases the footprint significantly. The monolithic design also helps create a 
spectrometer that is immune to the effects of external vibrations which are problematic for 
most interferometers.3  
2.2 THEORY OF THE SPATIAL HETERODYNE SPECTROMETER 
The basic design of the spatial heterodyne spectrometer (SHS) is similar to a 
Michelson interferometer instead of moving mirrors, stationary tilted diffraction gratings 
are placed on either side of the beamsplitter. As shown in Figure 2.1, collimated light enters 
the system and is split by a 50/50 beamsplitter. The light is direct onto the gratings and 
diffracted off, inducing a wavelength-specific wavefront tilt. At the beamsplitter, the 
diffracted light recombines, resulting in a crossing of the wavefronts from each arm of the 
interferometer. The SHS operates in the Littrow configuration, where the gratings are tilted 
to a specific angle at which a particular wavelength of interest retro-reflects. This means 
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that the angle of incidence is equal to the angle of diffraction and a zero path difference 
with be produced between the two beams and no interference pattern with be produced for 
this particular wavelength, also known as the Littrow wavelength. The grating angle which 
corresponds to the Littrow wavelength is known as the Littrow angle and can be calculated 
using the grating equation, 
𝑛𝜆 = 𝑑(sin 𝛼 + sin 𝛽)                             Eqn. 2.1 
where n is the diffraction order, 𝜆 is the desired wavelength, d is the grating groove 
density, 𝛼 is the angle of incidence, and 𝛽 is the angle of diffraction. By setting the angle 
of incidence and angle of diffraction equal to each other, Equation 2.1 can be simplified 
and the Littrow angle,	𝜃!, of a specific wavelength 𝜆 can be calculated as, 
θ! = sin"# 0
$
%&
1                   Eqn. 2.2 
At any wavelength other than the Littrow wavelength, the light will diffract at a 
slightly different angle and will cross with each other when combining at the beamsplitter. 
Hence, an interference pattern is formed. Since the crossing angle between two wavefronts 
is directly related to the wavelength of light, for each wavelength a unique fringe pattern 
is formed. The frequency of the fringe pattern is given by Equation 2.3: 
𝑓 = 4(𝜎 − 𝜎!) tan 𝜃!                                 Eqn. 2.3 
Where f is in fringes/cm, 𝜎! is the Littrow wavenumber, 𝜎 is a wavenumber other 
than the Littrow wavenumber and 𝜃! is the Littrow angle. The Littrow angle and Littrow 
wavenumber are fixed variables, thus any change in input wavenumber will change the 
fringe spacing such that bands closer to Littrow will produced larger, less frequent fringes, 









Figure 2.1: Schematic diagram of a spatial heterodyne spectrometer. S is the sample, L1 
is the collection lens, G1 and G2 are the diffraction gratings, BS is the beamsplitter, L2 is 









dimensional Fizeau fringe pattern formed by the SHS is described by Equation 2.4 given 
below. 
𝐼(𝑥) = ∫ 𝐵(𝜎)[1 + cos(2𝜋 ∗ 4 tan 𝜃! (𝜎 − 𝜎!)𝑥)]𝑑𝜎
'
(       Eqn. 2.4 
Where 𝐵(𝜎) is the input spectrum and x is the position along the axis that lies in 
the dispersion plane of the diffraction gratings, orthogonal to the optical axis. By taking a 
Fourier transform of I(x), the power spectrum can be recovered. The output of the SHS is 
transmitted to the detector by high quality imaging optics which image the plane of the 
surface of the diffraction ratings onto the detector.2  
The spectral resolution of the SHS is not dependent on a slit and is not a strong 
function of the spectrometer size. The resolving power, R, is determined by the total 
number of grooves illuminated on the two gratings, as illustrated in Equation 2.5. 
𝑅 = 2𝑊𝑑        Eqn. 2.5 
In Equation 2.5, W represents the size of the gratings and d represents the groove 
density of the gratings.2 The theoretical maximum bandpass of the SHS is determined by 
the resolving power, R, and the number of pixels, N, in the horizontal direction on the 
detector. The Nyquist criterion requires that sampling frequency be twice that of the highest 
frequency sampled to avoid aliasing, thus for an array detector with N detector elements in 
along the dispersion plane of the diffraction gratings, the maximum number of spectral 
elements that can be recovered without aliasing is N/2.5 Hence, for a wavelength, 𝜆, the 
theoretical maximum bandpass of the SHS can be written as: 
𝑆𝑅 = )∗$
%∗+
                                  Eqn. 2.6 
The collection solid angle of the SHS is the same as conventional Fourier 




                         Eqn. 2.7 
where Ω  is the collection solid angle. Entendue, or optical throughput, of a 
spectrometer is a measure of how much sample light can pass through the system. This is 
a strongly related to sensitivity and is described as: 
𝐸 = 𝐴Ω                     Eqn. 2.8 
Where E is the entendue of the spectrometer and A is the area of the limiting 
aperture of the system. Since FTS and SHS systems do not have an entrance slit, these 
systems have an entendue that is typically 200 times that of conventional slit-based 
dispersive spectrometers.4 Due to this high throughput, FTS and SHS systems can have 
sensitives that are typically 100 times that of conventional spectrometers.3 The field-of-
view, and thereby entendue, of FTS and SHS systems can be further increased by two 
orders of magnitude through the implementation of field-widening methods within the 
spectrometer design, such as field-widening prisms.7 
Taking a closer look at Equation 2.3 shows that the spatial fringe frequency is 
identical for +𝜎 and −𝜎, which will result in a spectrum folded about 𝜎!. This fold over 
can sometimes lead to ambiguity in determining wavenumber of spectral features.2 By 
introducing a small vertical tilt or rotation to one of the gratings, the symmetry of Equation 
2.3 and 2.4 is broken, alleviating the degeneracy. The vertical tilt introduces a spatial phase 
shift along the axis orthogonal to the dispersion plane of the diffraction gratings, i.e. the y-
axis, resulting in a new intensity function at the detector.7 
𝐼(𝑥, 𝑦) = ∫ 𝐵(𝜎)[1 + cos(2𝜋 ∗ 4 tan 𝜃! (𝜎 − 𝜎!)𝑥 + 2𝛼𝜎𝑦)]𝑑𝜎
'
(   Eqn. 2.9 
Where 𝛼 is the angle of the vertical grating tilt. As can be seen in Equation 2.9, the 
vertical tilt of the diffraction grating results in an additional term which corresponds to the 
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spatial frequency in the y-axis of the detector. Unlike the frequency term corresponding to 
the fringes distributed in the x-axis of the detector, the frequency term in the y-axis is not 
heterodyned. In this design, the Fizeau fringes that correspond to wavenumbers higher than 
Littrow are rotated in one direction while the Fizeau fringes corresponding to wavenumbers 
lower than Littrow are rotated in the opposite direction to produce a cross-hatched 
interference pattern.8 By applying a two-dimensional Fourier transform to the cross-
hatched interference pattern, spectral features above and below Littrow may be recovered 
without any ambiguity. Also, the spectral range of the SHS when operating in the two 
dimensional (2D) design is doubled.7 
2.3 RAMAN SPECTROSCOPY 
Raman spectroscopy is an inelastic light scattering technique first observed by C. 
V. Raman in 1928 and yields information about the vibrational and rotational energy levels 
of a molecule in terms of frequency shift from the frequency of an excitation source, 
typically a laser. Raman research was initially very limited due to problems with excitation 
sources, filtering, and instrumentations, however, in recent years technological 
advancements, like the development of the charge-coupled device (CCD) for a detector, 
have helped overcome the problems that have hindered Raman spectroscopy from 
becoming widely used in the past. As a result, Raman is used in many applications today 
including pharmaceutical analysis10-12, explosive detection13-18, forensic science19-21, 
planetary exploration22-28, and biochemistry and medical application, etc. Raman is 
beneficial for these applications and many others because it is an in situ technique that 
provides molecular information that is unique for every molecule without any sample 
preparation and for the samples in many forms (gas, liquid, or solid state). 
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In Raman spectroscopy, the molecule is excited from a ground state energy level to 
a higher, short lived virtual state within the ground level. The excited molecule then emits 
a photon and relaxes back down to a lower energy level. The energy given off will be 
present in one of three forms: Rayleigh, Stokes Raman, and anti-Stokes Raman, each of 
which is depicted in Figure 2.2. A large majority of the scattered radiation is Rayleigh 
scattering, a type of elastic scattering, where the emitted photon has the same energy as the 
incident photon. The photons that are not Rayleigh scattered are very few, only 
approximately 1 in every 107 incident photons will be Raman scattered in either the Stoke 
or anti-Stokes form, making Raman a very weak process.29 Stokes Raman photons are at 
energies lower than the incident photon, meaning the molecule relaxes to a vibrational 
energy level higher than the ground level. Anti-Stokes Raman photons are the opposite, 
they are at energies higher than the incident photon, the molecule relaxes to a vibrational 
energy level lower than the one it began on. Since the molecule is typically in the ground 
state, Stokes Raman is the more common scattering process of the two. 
Since Raman is very weak, it is often overwhelmed by other processes, such as 
fluorescence. There are a couple of ways to circumvent this problem. One such way is the 
implementation of high quality filters to block photons from other processes and the 
excitation source. Another is to adjust the excitation source wavelength to a different region 
which reduces or prevents other wavelength-dependent processes from occurring. In the 
deep – UV or the IR regions, fluorescence is minimized, preventing the process from 
overwhelming the Raman signal. And finally, a pulsed laser and gated detection can block 
















timescale of ≥10-9 second while Raman scattering occurs on the time scale of ≤10-12 
second. 
The theoretical Raman signal that can be detected for a particular sample can be 
determined by the following equation, 
𝑆 = (𝑃𝛽𝐷𝐾)(𝐴ΩTQ)            Eqn. 2.10 
Where S is Raman signal (photoelectrons pulse-1), P is laser power (photons pulse-
1 cm-2), 𝛽 is the Raman cross-section for a particular Raman band of a particular sample 
(cm2 molcule-1 sr-1), D is number density of the sample (molecule cm-3), K is sample path 
length (cm), A is area view by the collection optics and spectrometer (cm2), Ω is collection 
solid angle of the collection optics and spectrometer (sr), T is transmission of the optics 
(unitless) and Q is the quantum efficiency of the detector (e- photon-1). The variables in the 
first set of parentheses relate to the laser and sample, while the variables in the second set 
of parenthesis relate to the collection optics and detector. 
2.4 SPATIAL HETERODYNE RAMAN SPECTROMETER 
In 2011, the SHS design was adapted by Gomer et al. for Raman measurements, 
designated spatial heterodyne Raman spectrometer (SHRS).30 The high sensitivity of the 
SHS design makes is appealing for this technique since the Raman scattering is very weak. 
Also, the lack of entrance slit on the SHRS allow for a much larger sample area to be 
interrogated at one time without loss of resolution or throughput.30-34 By increasing the 
excitation laser spot size, irradiance at the sample can be reduced without also reducing the 
power of the laser.35 This ability to measure a larger laser spot size is especially useful with 
samples that would otherwise have photodegradation occur when excited by a tightly 
focused laser, which can be problematic with deep-UV laser excitation.  
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Currently the SHRS has been applied to a variety of Raman spectroscopy 
applications. Both solid and liquid Raman samples have been investigated with both visible 
and UV excitation in a benchtop and standoff set-up.30-33 For remote Raman, the wide 
acceptance angle and large aperture makes the SHRS relatively easy to couple with 
telescopic optics and minimizes laser pointing stability issues, because small movements 
of the laser spot on the target do not reduce the amount of light collected by the 
spectrometer aperture, unlike the case of a dispersive spectrometer where the output of the 
telescope has to be held in focus on a narrow input slit.33,36 These attributes along with the 
lack of moving parts also help when pairing the SHRS with a pulsed laser and gated 
detector, which allows measurements of Raman samples in ambient light conditions.33 
Another advantage of the large entrance aperture and high sensitivity of the SHRS is that 
is allows for both one-dimensional and two-dimensional hyperspectral imaging, which can 
map a sample, acquiring the entire Raman spectrum at each point, in a single image.37-39 
The SHRS has also been applied in a two-dimensional configuration in which one 
diffraction grating is slightly tilted vertically to produce a cross-hatch fringe pattern which 
doubles the spectral range and removes the ambiguity of spectral features above and below 
Littrow.30,38,40 
The SHRS design is also particularly well suited to miniaturization, even while 
maintaining a high resolution and large spectral range. Since the diffraction gratings can 
be placed very close to the beamsplitter, the footprint of the SHRS is limited by the size of 
the SHRS. Barnett et al. demonstrated this using a cell-phone camera detector and a 5 mm 
beamsplitter.41 The high light throughput and multiplex advantage inherent to the SHRS 
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design allowed Raman spectra to be measured despite the significantly higher noise and 
lower sensitivity of the cell phone camera sensor. 
The next step in the SHRS design is to move to a monolithic design. Previous work 
has been done with SHRS composed of free standing optics, which are less rugged and 
compact than a monolithic SHRS would be. In addition to being more stable, the 
monolithic SHRS would also be easier to align than the benchtop SHRS. A monolithic 
SHRS would also have the added benefit of reduced sensitivity to external vibrations 
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CHAPTER 3:  
A MONOLITHIC SPATIAL HETERODYNE RAMAN 
SPECTROMETER: INTIAL TESTS 
 
3.1 INTRODUCTION 
The spatial heterodyne spectrometer (SHS), described by Harlander1 and Harlander 
et al.,2 is a fixed grating interferometer with no moving parts that can provide high spectral 
resolution in a very small footprint. The SHS has a large entrance aperture and wide 
acceptance angle that provides high light throughput for extended sources, at least two 
orders of magnitude higher than a conventional dispersive spectrometer.1 The SHS was 
developed to measure emission spectra.3 The first description of a spatial heterodyne 
Raman spectrometer (SHRS) was in 2011 and it was quickly demonstrated for visible 
Raman spectroscopy4, UV Raman5.6, remote Raman5,7, laser-induced breakdown 
spectroscopy (LIBS),8-10 and recently for hyperspectral Raman imaging.11 The SHRS 
design has advantages for Raman spectroscopy when a small, high resolution spectrometer 
with a wide field of view is desired. Lamsal et al., showed that the wide field of view can 
be used to minimize sample degradation in deep-UV Raman measurements by using a 
defocused laser.5,6 In the case of remote Raman, the wide acceptance angle and large 
aperture makes the SHRS relatively easy to couple with telescopic optics and minimizes 
laser pointing stability issues, because small movements of the laser spot on the target do 
not reduce the amount of light collected by the spectrometer aperture, unlike the case of a 
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dispersive spectrometer where the output of the telescope has to be held in focus on a 
narrow input slit.7,12 
A Raman spectrometer has three main large components, a detector, laser, and a 
wavelength discriminator (e.g., a monochromator, spectrograph or interferometer).  Small 
diode lasers and CMOS detectors have been previously described for Raman 
spectroscopy.13-19 This chapter focuses on the wavelength discriminator, the SHS, which 
we previously demonstrated for Raman spectroscopy using free standing, bench top SHS 
devices. Here we describe the use of monolithic SHS (mSHS) devices in a SHS Raman 
(mSHRS) spectrometer. A Raman spectrometer that incorporates a monolithic SHS should 
be more compact and rugged than previously demonstrated SHRS systems that were built 
using benchtop components, and this would be advantageous for use in planetary spacecraft 
where ruggedized devices are desired, and compact size and low weight are a plus. The 
2013 Planetary Decadal Survey recommends a high priority be placed on remote sensing 
technology with a focus on developing and maturing novel, crosscutting, low-mass/power 
sensors integrated into robust, low-cost system architectures,20 so a compact, ruggedized 
SHRS would be desirable for certain types of planetary exploration. Monolithic SHS 
emission spectrometers have been previously described, and they are shown to be robust 
and tolerant of vibrations.21-24 However, a monolithic spatial heterodyne Raman 
spectrometer (mSHRS) has not been previously described in the peer-reviewed literature. 
In this chapter, we describe the use of two different monolithic spatial heterodyne 
spectrometers, with Littrow wavelengths of 531.6 nm and 541.05 nm, each about 3.5 x 3.5 
x 2.5 cm in size and weighing about 80g, in a Raman spectrometer that provides ~3500 cm-
1 spectral range with 8-9 cm-1 spectral, and 4-5 cm-1 spectral resolution for 150 grooves/mm 
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and 600 grooves/mm grating devices, respectively. The use of devices of this type, 
combined with small collection and imaging optics, a small diode laser and a small CMOS 
detector, such as has been previously demonstrated,2 should make possible the future 
development of sensitive, high resolution miniature Raman spectrometers. 
3.2 EXPERIMENTAL 
Monolithic Spatial Heterodyne Raman Spectrometer 
The monolithic spatial heterodyne Raman spectrometers described here were 
custom built by LightMachinery, Inc. (Ottawa, ON K2E 7L2 Canada). Figure 3.1a shows 
the various subassemblies that were cemented together using a UV-curable epoxy, to make 
the monolithic interferometer. Each interferometer consists of two 15 mm by 15 mm 
diffraction gratings, a 25 mm N-BK7 50:50 cube beam splitter, and two N-BK7 spacers 
that define the angle the gratings are tilted in the horizontal plane (e.g., the dispersion 
plane), with respect to the optical axis. All optical faces were antireflection coated to 
minimize spurious reflections from the 0th and 2nd order diffracted beams. Three types of 
mSHRS spectrometers were used in these experiments, two one dimensional (1D) and one 
two dimensional (2D). The two 1D mSHRS used both used 150 grooves/mm gratings 
blazed at 500 nm. One had the grating angle set by the spacers to give a 531.6 nm Littrow 
wavelength (spacer angles of 2.288°) and the other had a Littrow of 616.5 nm (spacer 
angles of 2.636°). The 2D mSHRS used 600 grooves/mm gratings blazed at 500 nm, with 
the grating angle set to give a 541.05 nm Littrow wavelength (spacer angles of 9.377°). For 
the 2D device one grating was rotated about the optical axis by 3.5°, to allow the use of a 
2D fast Fourier transform (FFT) to recover wavelengths above and below the Littrow 







Figure 3.1: (a) Monolithic spatial heterodyne Raman spectrometer (mSHRS). BS: beam 
splitter; S: spacers; G: diffraction gratings. (b) A mSHRS compared to the size of a US 
quarter. (c) Schematic diagram of the mSHRS system. S: sample; L1: collection lens; M: 








 a picture of the completed interferometer assembly, using a US Quarter (25 mm diameter) 
for scale. All mSHRS devices are about 3.5 x 3.5 x 2.5 cm in size and weigh about 80g.  
Figure 3.1c shows the mSHRS spectrometer setup that was used to measure Raman 
spectra using a 180° back scatter geometry. A 532 nm continuous wave Nd:YAG laser 
(OptoEngine, MGL-FN-532nm-1W) was used as the excitation source for all spectra 
shown, with laser power on the sample varying from 33 mW to 530 mW. For most studies, 
the 2x expanded laser beam was directed onto the sample using a 50 mm diameter, 550nm 
long pass dichroic mirror, M, (ThorLabs, DMLP550L) at 45°, then focused onto the sample 
using a 25 mm, MgF2 coated, f/2 achromatic lens, L1, (Edmund Optics 49766). The same 
lens also collected the Raman scattered light and collimated it, sending it into the mSHRS 
through three 14 mm circular apertures placed ~20 cm apart, to ensure beam collimation 
and to limit the beam size to 14 mm so as not to overfill the mSHRS gratings. In the case 
of the comparison studies of the mSHRS and the Holospec dispersive spectrometer, an f/6 
laser focusing lens was used to control the beam spot size on the sample (not shown), 
placed before the 45° laser turning mirror, M. Also, for these studies a 25mm, f/4 focusing 
lens, L1, placed after the dichroic beam splitter was used to focus the laser and to collect 
and collimate Raman scattered light from the sample. This light was either sent directly to 
the mSHRS through the 14 mm apertures mentioned above, or redirected using a 45° Al 
coated mirror to an f/2 lens and focused into the Holospec spectrometer, matching the 
Holospec f/#.   
Two filters, F, a 532nm long pass filter (Semrock RazorEdge, LP03-532RE-25) 
and a 532nm holographic notch filter (Supernotch, Kaiser Optical Systems, Inc.) were 
placed in front of the mSHRS to remove strong laser scatter. For selected samples, 
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additional short pass filters were used to limit the total spectral range (bandpass) allowed 
into the spectrometer, including, as needed, a 581nm short pass filter (Knight Optical, 
581FDS25), a 570 nm short pass filter (KnightOptical, 570FDS25), and a 650 nm short 
pass filter (ThorLabs, FES0650). Three different thermoelectrically cooled CCD detectors 
were used for these observations. These included a back-illuminated, UV-enhanced CCD 
detector with 2048 x 512, 13.5 µm pixels, dark current of 0.001 e-/p/sec, and a system read 
noise of 3.5 e- rms (Princeton Instruments-PI, PIXIS-2048 2K/BUV), cooled to -70 °C, run 
at 100 kHz with ADC gain high and in the low noise setting, and controlled using Lightfield 
6.3 software, a PI CCD detector with 1340 x 400, 20 µm pixels, dark current of 0.001 e-
/p/sec, and a system read noise of 3 e- rms (Princeton Instruments, PIXIS 400), cooled to -
70 °C, controlled using WinSpec software, also measured at 100 kHz, with ADC gain high 
and in the low noise setting, and a CMOS detector with 5544 x 3694, 2.4 µm pixels, a dark 
current of 0.0024 e-/p/sec, and system read noise of 2.7 e- rms (AgenaAstroproducts, 
QHY183M), cooled to about -17 °C. The software SpaceCap was used to run the CMOS 
detector and save spectra as RAW files. A fused silica 105 mm focal length, f/4.5 camera 
lens (Coastal Optical Systems, Inc., UV-MICRO-APO 111032) was used to image the 
grating faces onto the CCD detectors at a magnification of ~1.6x for the PIXIS 400 and 
~1.8x for the PIXIS 2K/BUV, so as to fill as much of the detector in the horizontal direction 
as possible. In the case of the PIXIS 2K, the magnified image filled ~1900 pixels in the 
horizontal direction. At this magnification the CCD was overfilled in the vertical direction. 
In the case of the PIXIS400 (8 mm height) and 2K/BUV (6.9 mm height) detectors, ~34% 
and 27% of the light was captured on the CCD, respectively. In the case of the CMOS 
detector, which was much smaller than the CCD detectors, the grating face of the mSHRS 
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was imaged at a magnification of ~0.9x, so that the CMOS chip was not over filled in the 
horizontal direction. This allows for ~73% of the light to be collected on the detector. For 
all measurements, a spatial filter, I, was placed one focal length behind the imaging camera 
lens, on the CCD side, to block higher grating diffraction orders.  
Free Standing Spatial Heterodyne Raman Spectrometer 
A lab-built bench top free standing SHRS was used for some comparison studies, 
where all optical components were mounted on a floating optical table using conventional 
optical mounts. The free standing SHRS used a 25 mm N-BK7 non-polarizing 50:50 cube 
beamsplitter (ThorLabs, BS013) and a pair of 25 mm, 150 grooves/mm gratings, blazed at 
500 nm (Edmunds Optics, #64-402). All other components used in the free standing SHRS 
studies were the same as the mSHRS, including the same lenses, filters, size illuminated 
on the gratings, and detector (Pixis 2K/BUV). The Littrow wavelength was set very close 
to 532 nm. The mSHRS measurements were also done on a floating optical table.   
LabRAM HR Evolution 
The microRaman instrument used for the mSHRS and microRaman comparison 
measurements was a LabRAM HR Evolution, Horiba with a 76 mW CW 532-nm laser, 
using a 1800 grooves/mm grating, with a thermoelectrically cooled 1024 x 256 pixel CCD, 
(26 µm pixels) detector.  
Kaiser Holospec 
For some SNR comparisons, a Kaiser Holospec f/1.8 Holographic Imaging 
spectrometer (Kaiser Optical Systems, Inc.) was used, equipped with the low frequency 
532 nm Stokes gratings (HSG-532-LF) which gave a spectral range of about 50-2400 cm-
1 with reciprocal linear dispersion of 3.1 nm/mm. A slit width of 25 µm gave a spectral 
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resolution of about 8 cm-1. A 532 CW laser (OptoEngine, MGL-FN-532nm-1W) was used 
for all Holospec measurements. A 25 mm diameter, f/2 achromatic lens was used to focus 
light into the Holospec, f/# matching the Holospec spectrometer to the collection optics. 
The PIXIS 400 CCD described above was used for measurements with the Holospec 
spectrometer. 
Samples 
Sulfur (J.T. Baker), potassium perchlorate (AlfaAesar), sodium sulfate (Sigma-
Aldrich), and acetaminophen (Sigma-Aldrich) were purchased at 99%+ purity and pressed 
into pellets using a hydraulic pellet press (Carver Laboratory Equipment, model 3912) with 
a 13 mm stainless steel pellet dye. Gypsum and barite were obtained from an Introductory 
Earth Science Collection (American Educational, #1201-000). Isopropanol (Sigma-
Aldrich), methanol (Fisher), and cyclohexane (Sigma-Aldrich) with 99%+ purity were 
measured in 1 cm quartz cuvettes.   
3.3 RESULTS AND DICUSSION 
Spatial Heterodyne Raman Spectrometer 
The basic design and operation of the SHRS has been discussed previously.1-12, 25-
41 In the interferometer, collimated light is passed through a 50/50 beam splitter, dividing 
the beam into two parts which are directed onto tilted diffraction gratings. After being 
diffracted off the gratings, the beams recombine at the beamsplitter as crossing wave fronts. 
The gratings are titled at an angle, 𝜃L, such that a particular wavelength, the Littrow 
wavelength, 𝜆 L, is retro-reflected and recombined so that no interference pattern is 
produced. For any wavelength other than Littrow, the crossed wave fronts will generate a 
fringe pattern, which is imaged onto the CCD to produce a fringe image. By taking a 
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Fourier transform of the fringe image, an intensity spectrum can be obtained. The intensity 
of the fringe pattern as a function of position x on the detector is given by Eq. 1,  
																											𝐼(𝑥) = ∫ 𝐵(𝜎){1 + cos[8𝜋(𝜎 − 𝜎!)𝑥 tan 𝜃!]}𝑑𝜎
'
( 													Eqn. 3.1 
where B(𝜎) is the input spectral intensity at wavenumber 𝜎, x is the position on the 
detector, and the other variables are defined above. The Fourier transform of I(x) yields the 
Raman spectrum. The fringe frequency on the detector is given by Eq. 2,  
																																																				𝑓 = 4(𝜎 − 𝜎!) tan 𝜃!																																										Eqn. 3.2 
where f is fringes per centimeter, 𝜎  is the wavenumber of the Raman band of 
interest, 𝜎L  is the Littrow wavenumber, and 𝜃L is the Littrow angle. Due to the symmetry 
in this equation, spectral bands above or below the Littrow wavelength show identical 
fringe patterns, leading to degenerate bands, or band overlap. It has been demonstrated that 
by tilting one grating vertically, and thus rotating the fringes, this overlap can be removed.4 
In this case, the fringe pattern is rotated clockwise for bands below the Littrow 
wavenumber and rotated counter-clockwise for bands above the Littrow wavenumber. In 
this paper we show a simpler technique to accomplish this, rotating one of the gratings 
around the optical axis. Using either 2D technique, a two dimensional (2D) Fourier 
transform can be used to recover the spectrum. This technique will double the spectral 
range of the SHRS and this type of SHS is referred to as a 2D SHS. 
Unlike dispersive spectrometers, the SHRS does not require a slit to control the 
spectral resolution and the spectral resolution is not a function of the focal length of the 
device. Instead, the resolving power of the SHRS is proportional to the total number of 
grooves illuminated on both gratings. For a SHRS built with two fully illuminated gratings 
of size W and groove density d, the resolving power is expressed as equation 3: 
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																																																												𝑅 = 2𝑊𝑑																																																								Eqn. 3.3 
The collection solid angle is related to the resolving power by Eq 4. The full 
acceptance angle for the 150 gr/mm mSHRS is about 2°, or 1° for the half angle. Due to 
both the large entrance aperture, ~15 mm for the mSHRS, and large collection solid angle, 
the mSHRS has a higher throughput than a conventional dispersive spectrometer of 




Figure 3.2 shows example Raman spectra of sulfur, cyclohexane, and potassium 
perchlorate using the 1D, 531.6 nm Littrow, 150 gr/mm grating mSHRS. The inserts, I, in 
this figure show the interferograms for each sample, generated by summing all the rows of 
the fringe image and applying background subtraction. The fringe visibility (FV) for these 
interferograms was 0.53, 0.16, and 0.48 for sulfur, cyclohexane, and perchlorate, 
respectively. A fringe visibility of 0.53 indicates that almost half of the signal does not 
contribute to the spectral intensity, but it still contributes to the noise spectrum. We did 
notice that the FV was significantly lower for liquid samples than solid samples, suggesting 
the depth of field of the liquid samples reduced the degree of collimation of the collected 
light. Fringe images are also shown as inserts, FI, for the sulfur and perchlorate samples. 
The sulfur spectrum (Figure 2a) was measured using the PIXIS 400 CCD (1340 pixels) 
and thus has a smaller spectral range than the other spectra which were measured using the 
larger PIXIS 2K/BUV CCD (2048 pixels). For an input beam width of ~ 14 mm, the 






Figure 3.2: Raman spectra of (a) sulfur, (b) cyclohexane, and (c) potassium perchlorate 
with the mSHRS (531.6 nm Littrow, 150 grooves/nm). The interferogram cross sections 
(insert I) for each spectrum are generated by summing the intensity of each column of 
pixels in the fringe image (insert FI) and applying background subtraction. Sulfur had a 
30 s exposure time, and cyclohexane and potassium perchlorate both had an exposure 





219 cm-1 band of sulfur was 8 cm-1, about twice as large as the theoretical value of 
4.4 cm-1, calculated using a resolving power of 4,200. The resolution of the 941 cm-1 
potassium perchlorate and 801 cm-1 cyclohexane bands was 10.5 and 11 cm-1, respectively. 
The measured resolution is a little larger than the theoretical value for reasons that were 
not determined. Possible reasons include imperfect collimation of collected light, focusing 
of the CCD imaging lens, or precision of manufacture of the mSHRS device itself.  
 The spectral range of the SHRS is dependent on the resolving power, R, and 
the number of pixels, n, covered in the horizontal direction on the detector. For wavelength 




Given a resolving power of 4,200 for the mSHS and using ~1900 pixels on the 
CCD, the maximum spectral range at the 532 nm laser wavelength (18796 cm-1) is 120 nm 
or about a 3450 cm-1 Raman shift using a 532 nm laser. A Raman shift of 3450 cm-1 
corresponds to a fringe spacing of about 18 microns (from Eqn. 2), which would require a 
pixel size of 9 microns to resolve, because of the Nyquist sampling criteria. However, with 
a system magnification of 1.84, this gives an effective pixel size of ~7 microns, well within 
the Nyquist criterion for this band shift.  
The C-H stretches for the cyclohexane spectrum (Fig. 2b) appear at about 2850 cm-
1 and 2930 cm-1, which is within our expected measurable spectral range. The relative 
intensity of the CH band compared to the band at 801 cm-1 is about 10/1, consistent with 
reference spectra of cyclohexane.42,43 This demonstrates that the instrument response 
function of the 150 gr/mm mSHRS is relatively flat out to at least 2930 cm-1. This is much 
better than described free-standing SHRS spectrometers which show a marked drop in 
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sensitivity at wavelengths far from the Littrow wavelength.4,6 This is illustrated in Fig. 
3.3a, which shows Raman spectra of acetaminophen measured with the free standing SHRS 
(left) and the mSHRS (right). The acetaminophen spectrum measured with the free-
standing spectrum shows a marked decrease in response beyond ~1000 cm-1 while the 
mSHRS shows no significant drop off in the response for any of the bands shown out to 
~1600 cm-1. In Figure 3.4, showing an extended spectral range for the acetaminophen 
sample, the response drops off only slightly out to the CH stretch region (e.g., >3000 cm-
1). In this figure, the dashed line shows the instrument response of the 150 gr/mm mSHRS, 
calculated as the ratio of the relative intensity of several major peaks in the acetaminophen 
spectrum to the relative intensity of published corrected spectra.44 The mSHRS showed 
significantly larger spectral range and higher sensitivity far from the Littrow wavelength.  
Again, this is in contrast to previously reported free standing instruments, which showed a 
signification relative intensity drop off for shifts far away from Littrow.4,6 The rapid drop 
off in response for the free standing SHRS, is in part due to the lower fringe visibility, but 
is also likely caused by stability issues. It should be noted that the stability issues with the 
free standing SHRS used in these studies might be corrected using higher quality optical 
mounts and better vibration control.   
The resolution of the free standing and mSHRS spectrometers was very similar, 8 
cm-1 to 9 cm-1, measured using the 941 cm-1 band of potassium perchlorate (Fig. 3.3b). This 
is expected since the resolution depends only on the total number of grating grooves 
illuminated, and is not much affected by optical alignment, system stability or overall 
system sensitivity. The sensitivity however of the SHRS is related to the fringe visibility 






Figure 3.3: Raman spectra of (a) acetaminophen, (b) potassium perchlorate, and (c) 
sodium sulfate with a free-standing bench top SHRS, on the left, and a mSHRS (531.6 nm 
Littrow, 150 grooves/mm) on the right. The free standing SHRS had fringe visibilities of 
0.17 for sodium sulfate, 0.32 for potassium perchlorate, and 0.21 for acetaminophen, while 
the mSHRS had fringe visibilities of 0.38, 0.48, and 0.26 respectively. Inserts show the 










In this equation Imax and Imin are the maximum and minimum intensities in the 
interferogram. For an ideal interferogram, the fringe visibility is equal to one. When the 
fringe visibility is less than one, it suggests that light reaching the detector does not 
contribute to the spectral intensity, but still contributes noise to the spectrum. Fringe 
visibility is a good measure by which to compare the optical alignment and sensitivity of 
the mSHRS and free-standing SHRS spectrometers. The mSHRS spectra tended to have a 
higher fringe visibility than the free standing SHRS, with sodium sulfate, potassium 
perchlorate, and acetaminophen having fringe visibilities of 0.38, 0.48, and 0.26 
respectively, compared to 0.17, 0.32, and 0.21 for the free standing SHRS. This produced 
as much as a 2 fold higher SNR for the mSHRS compared to the free standing SHRS. In 
the case of the mSHRS the SNR values were 3621, 3494, and 379 for KClO4, Na2SO4, and 
acetaminophen, respectively, while for the free standing SHRS the SNR values were 1848, 
2460, and 160 for these same samples, measured under identical conditions. The free-
standing and mSHRS spectrometers used the same types of components, so the improved 
SNR in the mSHRS must come from more precise optical alignment and stability in the 
device itself. 
A goal of this study is to determine if the mSHRS design is more vibrationally 
stable than the bench top, free-standing SHRS spectrometers. Note: the room temperature 
did not vary by more than 1° C during these studies. In order to assess this, a potassium 
perchlorate pellet was measured using each spectrometer, and the spectra were calibrated 
to determine the position of the strong 941 cm-1 perchlorate band with each instrument. A 







Figure 3.4: Raman spectrum of acetaminophen measured with a mSHRS (531.6 nm 
Littrow, 150 grooves/mm) overlaid with the system response. The dashed line is the 
estimated instrument response for the mSHRS based on the calculated ratio of measured 







calibration was sufficient to show relative band shifts for the relatively broad ~10 spectral 
element wide bands. The calibration procedure also provides the precise Littrow 
wavelength. The sample was then measured each day for nine days with both instruments, 
10 days total, with no adjustments to the instruments or collection optics of any kind, other 
than turning on the laser each day.  
The ~941 cm-1 perchlorate band position determined from the calibration procedure 
was actually 939.73 cm-1, as shown by the first point in Fig. 3.5a. The data in Fig. 3.5a 
shows a variation of the band position over a range of ~8 cm-1 (937 cm-1 to 945 cm-1) for 
the free-standing SHRS, while there is no detectable change in the band position of the 
mSHRS device. At most, the mSHRS band changed position by 0.1 cm-1. Thus, the mSHRS 
demonstrates improved stability over the free standing SHRS. It should be noted though 
that the stability of the benchtop SHRS might be improved using higher quality optical 
mounts. The temperature in the lab was not monitored but typically varied by 1° C over 
the course of a day night cycle.   
Another way to examine the stability of the calibration of the mSHRS is to 
recalibrate at the beginning of each day of the 10 day period and note changes in the Littrow 
wavelength that results from the calibration curve. Figure 3.5b shows the change in Littrow 
position over the 10 day period relative to day one, for each spectrometer. Since we are 
plotting relative change, the day one value is 0 cm-1, by default. Similar to the position of 
the ~941 cm-1 Raman band position described above, the free standing SHRS Littrow 
position changed more than 5 cm-1 over the 10 day period, whereas mSHRS Littrow 
position did not change within the precision of the calibration for the entirety of the 10 






Figure 3.5: The stability of the mSHRS (531.6 nm Littrow, 150 grooves/mm) was 
compared to a free-standing SHRS by taking a 60 s measurement of potassium perchlorate 
every day for 10 days. (a) The position of the 941 cm-1 perchlorate peak. (b) Change in the 
Littrow position, plotted over 10 days. The open circles are the mSHRS and the closed 







splitter, imaging optics) are on separate mounts which can move relative to one another, 
leading to small changes in the instrument calibration. In the case of the mSHRS, all optical 
components of the interferometer are bonded together, so there will be minimal drift of the 
position of the optical components, and even if there are small movements the optical 
elements would still maintain alignment relative to one another. Both systems were 
mounted on floating optical tables.   
The throughput of a SHS-based spectrometer is much higher than a typical 
dispersive monochromator,1, 4-6, 25, 38 because of the large entrance aperture and acceptance 
angle. However, this does not guarantee that the SHRS will have higher sensitivity or a 
larger signal to noise ratio when compared to a conventional dispersive Raman 
spectrometer. In the case of a very small field of view on the sample, such as using a highly 
focused laser, only half of the collected light passing through the SHRS reaches the detector 
because of the beam splitter, and you might expect the SNR and the sensitivity of the 
dispersive spectrometer to be higher. Also, because noise is equally distributed in the 
spectrum, the SNR for weak bands will likely be worse for the SHRS when a focused laser 
source is used. For this reason, in the case of the SHRS, it is important to use bandpass 
limiting filters to minimize noise contributed from regions outside the spectral range of 
interest. However, when the sample field of view is large, such as viewing an extended 
source in transmission or spatially offset Raman, using a defocused laser, or measuring a 
sample at a remote distance, the sensitivity can be higher and the SNR larger for the SHRS. 
Another consideration is detector noise. In the case of the SHRS, the entire area of the CCD 
is typically used to image the fringe pattern, leading to higher detector noise than a 
dispersive spectrometer where a minimum number of rows on the CCD are typically used. 
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Though it is possible to minimize the area of the CCD used by focusing the fringe image 
onto the detector using a cylindrical lens, thus minimizing detector noise.   
The Kaiser f/1.8 Holospec is a high throughput spectrograph that is designed 
specifically for Raman spectroscopy. It is commonly used for analytical Raman 
measurements and is thus well characterized and can be thought of as a “gold standard” for 
analytical Raman. The Holospec f/1.8 footprint is not too different from the mSHRS once 
the collection and imaging optics are added. In this comparison study the detector, laser 
power, laser focusing optics, and light collection optics were identical for each system. The 
spectrometer input optics were optimized for each spectrometer (e.g., f/1.8 focusing lens 
for the Holospec, and f/4 collimating lens for the mSHS). The amount of light entering the 
Holospec was about 3.4 times higher than that entering the mSHRS because of the 14 mm 
limiting apertures and additional 93% T laser blocking filter in the mSHRS. Additional 
losses in the mSHRS included the 50/50 beam splitter. The mSHRS detector was fully 
illuminated while with the Holospec, the light was focused onto about 55% of the CCD 
pixels.  
Figure 3.6 shows the 941 cm-1 band for a 1.7-mm thick KClO4 pellet, measured 
with the Holospec (a) and the 150 gr/mm mSHRS (b), with the laser focused on the surface 
of the sample and using 1, 2 and 3 mm defocused laser spots (the focusing lens was moved 
away from the sample surface). As expected, the band intensity drops as the laser is 
defocused for the Holospec, due to the presence of the slit whereas no loss of performance 





Figure 3.6: Raman spectra of potassium perchlorate for focused laser and defocused laser 
with 1 mm, 2 mm, and 3 mm spot sizes measured with (a) the Kaiser Holospec and (b) the 
mSHRS (531.6 nm Littrow, grooves/mm). Solid line: Focused laser spot size, dotted line: 
1 mm, dashed line: 2 mm, alternating dash-dot line: 3mm diameter spot size. Each spectrum 
used an exposure time of 30 s. Inserts show the log(SNR) versus log(intensity) for each 






To calculate the SNR for repeated measurements, the perchlorate sample was 
measured 100 times using exposure times of 1s, 5s, 10s, and 30s, for each spot size. The 
signal to noise ratio was calculated as the 941 cm-1 band intensity divided by the standard 
deviation in the intensity of the 100 repeated measurements. For the mSHRS, the SNR 
calculated for 100 repeated 30 s exposures was ~1350 to 1400. Variations in laser power 
over this time interval were 0.034% +/-0.031, so the SNR was likely laser jitter (e.g., 
flicker) limited. For the Holospec, the SNR of 100 repeated measurements was ~340 to 
~500 for different laser spot sizes. The SNR was much lower than can be accounted for by 
laser power fluctuations alone. The limiting noise source in a measurement can sometimes 
be inferred by a log-log plot of SNR versus signal. A slope of one-half is expected for a 
purely shot noise limited system while a lower value indicates flicker noise.46  The insets 
in Fig. 3.6 show such a plot for the Holospec (a) and mSHRS (b) for 100 repeated 
measurements. The slope of the Holospec SNR plot is ~0.3 (with large error), indicating a 
significant component of flicker noise which is indicated by a small slope value in such a 
log-log plot.45 The source of flicker noise can be difficult to pinpoint as it can be caused by 
any source of signal fluctuations such as laser instability, vibration of optical components, 
and sample movement among other things. The slope of the mSHRS SNR plot changes 
from ~0.25 at low intensities, to 0.5 at moderate intensities, increasing to 1 for higher 
intensities.  This plot is not definitive, but the average value of 0.5 suggests a smaller flicker 
noise contribution than the Holospec.   
The spectral resolution of the 2D 600 gr/mm mSHRS was designed to be optimal 
at lower Raman shifts by setting the Littrow wavelength to 541.1 nm (316 cm-1), and to 
give higher spectral resolution than the 150 gr/mm mSHRS device. Figure 3.7 shows a 
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comparison of the Raman spectrum of sulfur using the 600 gr/mm, 2D mSHRS 
spectrometer (a) compared to the same sample measured using a high resolution micro-
Raman spectrometer (b). The micro-Raman spectrum was a 90 s exposure time and does 
not show the anti-stokes Raman bands, limited by filters in the spectrometer. The mSHRS 
spectrum was a 30 s exposure and shows both Stokes and anti-Stokes bands, though each 
was measured separately using different filters. A holographic notch filter was used for 
both measurements to block intense Rayleigh scatter at the laser wavelength. For the Stokes 
spectral region, a 532 nm LPF was used to further reduce Rayleigh scattered light and to 
block light outside the spectral region of interest from reaching the detector, while for the 
anti-Stokes spectral region measurement, shown magnified by 10x, a 530 nm short pass 
filter was used. Sulfur was used to determine the spectral resolution of the 2D device.  Note 
that the Littrow wavelength (316 cm-1) is midway between the two strongest sulfur bands 
at 219 cm-1 and 473 cm-1 (see Fig. 3.7a). This 2D device was made differently from ones 
that have been previously described.  In this device, one of the gratings was rotated about 
the optical axis by ~3.5°, and not tilted vertically as in previous publications.  Rotating the 
grating gives much more precise control of the fringe tilt and is easier to manufacture using 
monolithic construction. The FWHM of the 219 cm-1 sulfur band was about 4.5 cm-1 for 
the mSHRS and about 8 cm-1 for the micro-Raman system. The SNR of the mSHRS 
spectrum was 4101, taken as the intensity of the 219 cm-1 band divided by the standard 
deviation of the baseline, while the SNR calculated in the same way for the micro-Raman 
spectrum was much lower, at 1320. Note: Technically the SNR for the dispersive 
spectrometer cannot be calculated from the noise in the baseline because noise from the 







Figure 3.7: Raman spectra of sulfur with (a) 2D mSHRS (541.05 Littrow, 600 
grooves/mm) using a 30 s exposure and (b) LabRAM micro-Raman with 1800 grooves/mm 









intensity to standard deviation in the baseline ratio is often used to estimate SNR.  
However, this method is useful for mSHRS spectra, since the noise from all spectral bands 
is equally distributed across the spectrum. If anything, the SNR of the dispersive spectrum 
is overestimated so this clearly shows a greatly improved SNR for the mSHRS 
spectrometer.   
The mSHRS offers the potential to be made exceptionally small and still offer good 
resolution and spectral range. However, to make a truly small Raman spectrometer also 
requires a very small detector and laser source. The laser source can in principle be a small 
diode laser and these are commercially available. In regard to small CCD detectors, CMOS 
technology offers high performance in a small device, as evidenced by smart phone CMOS 
cameras, as well as smaller pixels, more pixels, and at a lower cost than a CCD. However, 
few Raman systems have been described that use low cost CMOS detectors.13-19 Thus we 
decided to do a simple comparison of the performance of the mSHRS, using a small low-
cost CMOS imaging detector, to the scientific grade PIXIS 2K/BUV CCD. The CMOS 
camera we selected for this test is popular for amateur astronomy and costs less than $1000, 
yet the performance seems comparable to the PIXIS 2K/BUV CCD for pure samples. 
Figure 3.8 shows Raman spectra of isopropanol (a), methanol (b), and acetaminophen (c), 
measured using the CMOS detector (left) and the PIXIS 2K/BUV CCD (right).  We used 
15 s exposure times with the CMOS to prevent saturating it and 30 s exposures with the 
CCD. The signal-to-noise ratios (SNR) were similar using either detector. The SNRs, 
calculated as the ratio of the baseline subtracted intensity of the chosen band to the standard 
deviation of a region of the spectrum where no peak were present, were 523, 447, and 334 









Figure 3.8: Raman spectra of (a) isopropanol, (b) methanol, and (c) acetaminophen 
measured with a CMOS detector (QHY-183M, Agena Astroproducts), on the left, and a 
CCD detector (PIXIS 2K/BUV), on the right. Spectra measured with the CMOS used an 








acetaminophen, respectively. In the case of the CCD, the SNR values were similar at 433, 
353 and 496. The slightly higher values for isopropanol and methanol using the CMOS 
detector result from less light being lost in the vertical direction on the detector (~27% loss 
for the CMOS detector versus ~73% for the CCD). The lower SNR for methanol using the 
CMOS detector is consistent with the camera being slightly out of focus, evidenced by 
lower intensity of the CH bands for this sample in the CMOS spectra compared to the CCD 
spectra. The smaller size of the CMOS pixels makes this detector much more susceptible 
to focus issues.   
In terms of fringe visibility (FV), the CMOS had higher values than the CCD for 
the liquid samples, 0.52 for the CMOS spectrum of isopropanol and 0.53 for methanol, 
compared to 0.21 and 0.22 for the CCD. Higher FV is expected for the CMOS detector 
because it has smaller pixels and used a significantly larger number of pixels (e.g., 5100). 
In the case of acetaminophen, the FV was 0.26 for both detectors, again suggesting the 
CMOS was out of focus slightly for this sample. 
Both detectors provided a wide spectral range, with bands measured beyond 3000 
cm-1. The spectral resolution for the samples was about the same for the CMOS and CCD 
spectra, ~12 cm-1 and 15 cm-1 for acetaminophen and isopropanol, respectively.  Also, the 
CMOS measured spectra had a significantly higher background as compared to the CCD, 
at least in part from increased detector dark noise; the CMOS detector was only cooled to 
about -17°C, compared to -70°C for the CCD. 
A Remote Raman instrument, called SuperCam, is included on the Mars 2020 
Rover.46 With this in mind we tested the 150 gr/mm, 1D mSHRS for remote Raman 
measurements using two standard Raman reference samples, acetaminophen and 
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potassium perchlorate pressed into pellets, and two mineral samples that are relevant to 
planetary geology, barite (BaSO4) and gypsum (CaSO4•2H2O). For these measurements 
the samples were located at 5.13 m distance from the mSHRS, and no collection optics was 
used other than the 15 mm mSHRS gratings. Laser illumination was on-axis like the 
previously described measurements; the laser power (CW) at the samples was 530 mW and 
the laser spot size was about 10 mm. All measurements used an exposure time of 180 s.  
At 5.13 m, the collection solid angle of the mSHS is 8.5 x 10-6 sr, which is >23,000 times 
less than the benchtop measurements discussed previously using an f/2 collection lens.  
Figure 3.9 shows remote Raman measurements of barite (Fig. 3.9a), potassium 
perchlorate (Fig. 3.9b), acetaminophen (Fig. 3.9c), and gypsum (Fig. 3.9d). The inserts 
show the fringe image cross-sections (e.g., interferograms,) for each spectrum. The FV of 
the interferograms was lower than the bench top measurements, 0.09 for barite, 0.29 for 
potassium perchlorate, 0.09 for acetaminophen, and 0.05 for gypsum. This is expected 
since the background was much higher relative to the signal for these non-gated remote 
Raman measurements—gating is typically used for remote Raman to reduce higher 
backgrounds that are caused by higher ambient light, a larger laser spot on the sample and 
higher sample fluorescence, and a smaller collection solid angle. This was despite there 
being no collection optic to collimate the light into the mSHRS. However, at 5.13 m, all 
light entering the mSHRS is within the acceptance angle of ~1º, and thus the resolution 
should not be diminished.   
The field of view of the mSHRS is almost 200 mm at a sample distance of 5.13 m 
(2° full acceptance angle plus the grating width), much larger than the ~10 mm laser spot 






Figure 3.9: Remote Raman spectra of (a) barite, (b) potassium perchlorate, (c) 
acetaminophen, and (d) gypsum at 5.13 m using a mSHRS (531.6 nm Littrow, 150 
grooves/mm). Exposure time was 300 s for each measurement. Inserts show for the cross 
section for each spectrum. No collection optics were used to measure the spectra. The 
fringe visibility was 0.09 for barite, 0.29 for potassium perchlorate, 0.092 for 







the alignment is very forgiving of laser pointing stability as well as changes in the field of 
view of the spectrometer during the measurement, both of which can be an important 
source of noise in remote Raman measurements using a slit based spectrometer.   
Raman imaging is a powerful technique to look for heterogeneities in a sample or 
to look at mixed samples. For example, the spatial distribution of the heterogeneities in a 
geological sample can provide information about how the geological samples were 
formed.47 The SHRS is well suited to Raman imaging, and Smith, et al. described several 
approaches to imaging with the SHS.48 For 1D SHRS imaging, a cylindrical lens is added 
to the collection optics to focus an image of the sample onto the gratings in the vertical 
direction. In the SHRS, the gratings, along with the sample image are imaged onto the 
CCD. For these studies, the optical set up is similar to that in Figure 1, except L1 was 
replaced by two 100 mm focal length, 25.4 mm diameter lens, one to collect the light from 
the sample, focused through a spatial filter, then re-collimated by the second lens. A 400 
mm focal length, 30 mm high planoconvex cylindrical lens was placed between second 
lens and the gratings to image the remote sample onto the gratings.  
To test 1D Raman imaging with the mSHRS, a mixed sample was constructed by 
vertically stacking two 1 cm cuvettes containing sodium sulfate and sodium nitrate, as 
shown by the picture inset in Figure 3.10. Figure 3.10 (right) shows the normal, non-
imaged, fringe image (FI, b) and the spatially resolved 1D Raman fringe image (FI, a, 
that incorporates a cylindrical imaging lens), for the sodium sulfate and sodium nitrate 
samples shown in the picture inset (upper right).  The laser was focused so the 3 mm laser 
spot overlapped both cuvettes.  A row by row FFT was used to obtain Raman spectra 






Figure 3.10: 1D Raman fringe image (FI, a) of the three samples shown in the Sample 
picture, acquired using a mSHRS (616.5 nm Littrow, 150 grooves/mm) with a cylindrical 
imaging lens, compared to fringe image acquired without the cylindrical lens for imaging 
(FI, b). The sample consisted of two vertically stacked 1 cm cuvettes containing Na2SO4 
and  NaNO3. The corresponding Raman spectra are shown, where (a) and (b) are obtained 
from the 1D image using the cylindrical lens and (c) is obtained using the non-imaged 
fringe image, measured without the cylindrical imaging lens. The inserts show the cross 






fringe image (FI, b).  As expected, it shows the average spectrum of both components, 
showing both the sulfate and the nitrate bands. Spatially resolved spectra (Fig. 3.10a, b), 
from the 1D spatially resolved fringe image, were calculated from two spatially separated 
interferograms, each corresponding to parts of the 1D fringe image that overlap each 
cuvette.  The spatially resolved spectra, from the 1D images, show clear separation of the 
components in the two cuvettes. There is a small amount of overlap between the samples, 
possibly from diffuse light scatter and reflection from one region to another. The signal to 
noise ratio (SNR) for the Raman spectra collected via 1D imaging (3.10 a,b) was higher 
than the spectra without imaging (3.10c), 288 and 120 for sodium nitrate and sodium 
sulfate respectively in the 1D spectra, versus 85 and 59 for the unresolved spectra.  The 
increased SNR in the 1D resolved spectra is the result of reduced shot noise in each 
spectrum.   In the mSHS, like any interferometer, shot noise is equally distributed 
throughout all parts of the spectrum, so noise from strong bands reduces the SNR of 
weaker bands.  This is what is shown in spectrum 3.10c.  However, in the spatially 
resolved spectra, from the 1D images, shot noise from one component does not contribute 
to noise in the other component.49   
3.4 CONCLUSION 
The development of a small Raman spectrometer will require reducing the size of 
the three main components, the detector—usually a CCD, the laser, and a wavelength 
discriminator (e.g., a monochromator, spectrograph or interferometer).  Significant 
progress has been made on small diode lasers and CMOS CCD detectors for Raman 
spectroscopy.17-23 There are also many miniature Raman spectrometers on the market that 
use dispersive monochromators as the wavelength discriminator.  This chapter focuses on 
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the latter component, and describes two different monolithic spatial heterodyne 
spectrometers, each about 3.5 x 3.5 x 2.5 cm in size and weighing about 80g, used as the 
wavelength discriminator in a Raman spectrometer (mSHRS), in both a 1D and 2D 
configuration. The spectral range of the 1D mSHRS is shown to be about 3500 cm-1 with 
a spectral resolution of ~8-9 cm-1, while the resolution of the 2D mSHRS is 4-5 cm-1, higher 
than a much larger laboratory micro-Raman spectrometer with an 1800 gr/mm grating. The 
mSHRS was found to be more stable, have higher signal to noise ratio, a larger spectral 
range and higher spectral resolution than our previously described free standing, benchtop 
SHRS.  However, it should be noted that, in principle it should be possible to improve the 
stability differences by using higher quality optical mounts in the benchtop system.  Signal 
to noise ratio comparisons for repeated spectral measurements between the mSHRS and a 
Kaiser Holospec Raman spectrometer using the same detector and laser power gave similar 
results.  Remote Raman measurements were made at a distance of 5.13 m using only the 
grating of the mSHRS as the collection optics (8.5 x 10-6 sr collection solid angle). The use 
of a low-cost CMOS detector with the mSHRS gave similar resolution and SNR to the use 
of a scientific grade CCD. A new method is demonstrated for recovering 2D spectra using 
a mSHRS with one grating rotated around the optical axis.  Although standard size 
collection and imaging optics were used with the mSHRS in these studies, the use of 
miniature optics should be possible since the resolution of the mSHS is not a function of 
size.  The use of smaller optics, a small diode laser and a small CMOS detector, such as 
has previously been demonstrated,2 should make possible the development of sensitive, 
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 CHAPTER 4: 
RAMAN SPECTROSCOPY USING A DRONE WITH A 




When the Mars rover, Perseverance, launched in the summer of 2020, it carried 
with it a small autonomous aircraft, the Mars Helicopter, Ingenuity, to be released from the 
belly of the rover once it reached the surface of the Red Planet. Ingenuity’s mission is 
experimental in nature, a technology demonstration to test powered flight in the thin 
Martian air.  If successful during these experimental test flights, Ingenuity will help inform 
decisions relating to considering small helicopters for future Mars missions, where they 
could perform in support roles for rovers as robotic scouts, observing the terrain from 
above. Future helicopters could also act as standalone science craft carrying instrument 
payloads, allowing scientist to carry instruments to areas that are too steep or slippery to 
send a rover.1 Any scientific instrument paired with the future helicopter will have to be 
miniaturized as to be light enough to allow the helicopter to take off in the thinner 
atmosphere. One such instrument that would be capable of miniaturization is the spatial 
heterodyne Raman spectrometer. 
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The spatial heterodyne Raman spectrometer (SHRS) is a fixed-grating 
interferometer that can provide high spectral resolution, a large field-of-view, high 
throughput, and a large spectral range, all in a very small footprint. Since the resolving 
power of the SHRS is determined by the number of grooves of the diffraction grating 
illuminated, and is not a strong function of the entrance aperture size, very small diffraction 
gratings can be used while maintaining high resolution and high light throughput. The 
SHRS has previously been demonstrated using millimeter-sized optics and a standard cell 
phone camera as a detector with no intermediate optics other than the optics built into the 
cell phone.2 Also, the SHRS has no moving parts and is therefore able to be constructed 
monolithically, creating a rugged and compact spectrometer  which would be ideal for 
planetary exploration. A monolithic SHRS (mSHRS) have previously been demonstrated 
and have been shown to be more stable and have a higher signal to noise ratio, a larger 
spectral range and a higher spectral resolution than free-standing, bench top SHRS.3,4 
Currently, the mSHRS used by our group are about 3.5 x 3.5 x 2.5 cm in size and weigh 
approximately 80 g, with plans to further miniaturize the footprint.  
Since the SHRS can be built monolithically and miniaturized, it would be a good 
candidate to pair with a helicopter for future missions on other planets. Thus, we tested the 
SHRS with the CMOS camera on a commercially available drone. CMOS technology 
offers high performance in a small device, as well as smaller pixels, more pixels, and at a 
lower cost than a CCD. However, very few Raman systems have been described that use 




Monolithic Spatial Heterodyne Raman Spectrometer 
The mSHRS used in these experiments was custom-built by LightMachinery, Inc. 
(Canada). The interferometer consists of two 15 mm x 15 mm diffraction gratings, a 25 
mm N-BK7 50:50 cube beam splitter, and two N-BK7 spacers that define the angle the 
gratings are tilted in the horizontal plane, all of which are cemented together using a UV-
curable epoxy. All optical faces were antireflection coated to minimize spurious reflections 
from the zeroth- and second- order diffraction beams. The mSHRS used had gratings with 
150 gv/mm blazed at 500 nm, with grating angle set by the spacers, to give a 531.6 nm 
Littrow wavelength (spacer angle of 2.288°). 
Figure 4.1a shows one mSHRS spectrometer set up that was used to measure 
Raman spectra using a 180° backscatter geometry. A 532 nm continuous wave (CW) 
neodymium-doped yttrium aluminum garnet laser (OptoEngine, MGL-FN-532nm-1W) 
was used as the excitation source for all spectra shown, with laser power on the sample 
ranging from 30 mW to 300 mW. For most studies, the laser beam was directed onto the 
sample using a 50 mm diameter, 550nm long-pass dichroic mirror, M, (ThorLabs, 
DMLP550L) at 45°, then focused onto the sample using a 25 mm MgF2 coated f/3 lens, 
L1, (Edmund Optics, 32-480). The same lens also collected the Raman scattered light and 
collimated it, sending it into the mSHRS through two 14 mm circular apertures to ensure 
beam collimation and to limit the beam size to 14 mm so as to not overfill the mSHRS 
gratings. A 3 m long, 550 micron diameter, high power optical fiber (Newport, F-MFC-C-
3SMA) was used for the fiber optic measurements. Light from the fiber was collimated 
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with a 10 mm SMA fiber optic collimator (Edmund Optics, 88-181) and focused with the 
same f/3 lens as described previously. 
Three filters, F, two 532 nm long-pass filters (Semrock RazorEdge, LP03-532RE-
25) and a 532 nm holographic notch filter (Supernotch, Kaiser Optical Systems, Inc.) were 
placed in front of the mSHRS to remove strong laser scatter. Two additional short pass 
filters were used as needed depending on the sample to limit total spectral range (bandpass) 
allowed into the spectrometer, a 581 nm short-pass filter (Knight Optical, 581FDS25) and 
a 600 short-pass filter (ThorLabs FES0600).  
The drone used was a Mavic Pro Platinum (DJI, Mavic Pro) with a CMOS camera 
that has a sensor size of 1/2.3” and 12.35 M effective pixels. The drone lens has a field of 
view of 78.8° and can be focused from 0.5 m to ∞. The grating face was focused with an 
f/2 lens, L2, and sent as a collimated beam into the drone lens, which was manually set to 
∞ in the drone’s settings. The laboratory CCD that was used for the drone comparison was 
a back-illuminated, UV-enhanced CCD detector with 2048 x 512, 13.5 micron pixels, dark 
current of 0.001 e-/p/s, and a system read noise of 3.5 e- rms (Princeton Instruments – PI, 
PIXIS-2048 2K/BUV), cooled to -70° C, run at 100 kHz with ADC gain high and in the 
low noise setting, and controlled using Lightfield 6.3 software. With the CCD set up, L2 
was a fused silica 105 mm focal length f/4.5 camera lens (Coastal Optical System, Inc., 
UV-MICROAPO 111032), used to image the grating faces onto the CCD detector with a 
magnification of 1.8 so as to fill as much of the detector as possible in the horizontal 







Figure 4.1: (A) Schematic diagram of the mSHRS system. S: sample; L1: collection lens; 
M: dichroic mirror; F: filters; L2: f/2 collimating lens. (B) The Mavic Platinum Pro Drone 














Sulfur (J.T. Baker), potassium perchlorate (AlfaAesar), ammonium perchlorate (Sigma-
Aldrich), and acetaminophen (Sigma-Aldrich) were purchased at 99%+ purity and pressed 
into pellets using a hydraulic pellet press (Carver Laboratory Equipment, model  
3912) with a 13 mm stainless steel pellet dye. Barite was obtained from an Introductory 
Earth Science Collection (American Educational, #1201-000). Ethanol (Fisher), and 
cyclohexane (Sigma-Aldrich) with 99%+ purity were measured in 1 cm quartz cuvettes.   
4.3 RESULTS AND DICUSSION 
The design and operation of the mSHRS has been discussed previously2-4,12-44 
however a brief overview will be provided. Collimated light enters the input aperture of 
the mSHRS and passes through a 50/50 beam splitter, diving the beam into two parts which 
are directed onto tilted diffraction gratings. The light is diffracted off the gratings and the 
beams recombine at the beamsplitter as crossing wavefronts. The diffraction gratings are 
tilted such that a particular wavelength, the Littrow wavelength, lL, retro-reflected along 
the incident light path and recombined so that no interference pattern is formed. For all 
other wavelengths other than Littrow, the crossed wave fronts will generate a fringe pattern, 
which is imaged onto an array detector, such as a CCD or CMOS, to produce a fringe 
image. The Fourier transform of the fringe image will recover the intensity spectrum. The 
intensity of the fringe pattern as a function of position x on the detector is given by Eq. 4.1, 
																												𝐼(𝑥) = ∫ 𝐵(𝜎){1 + cos[8𝜋(𝜎 − 𝜎!)𝑥 tan 𝜃!]}𝑑𝜎
'
( 												Eqn. 4.1 
where B(s) is the input spectral intensity at wavenumber s, x is the position on the 
detector, and the other variables are defined above. By taking a Fourier transform of I(x), 
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the Raman spectrum can be obtained. The fringe frequency on the detector is given by Eq. 
4.2, 
																																																									𝑓 = 4(𝜎 − 𝜎!) tan 𝜃!																																						Eqn. 4.2 
where f is in fringes per centimeter, s is the wavenumber of the Raman band of 
interest, sL is the Littrow wavenumber, and qL is the Littrow angle. According to Eq. 4.2, 
emission lines above or below the Littrow wavelength show identical fringe patterns, 
leading to degenerate bands, or band overlap. To remove this degeneracy, on grating can 
be slightly tilted vertically, which induces a rotation to the fringes, in opposite directions 
above and below Littrow.12 In this case, a two dimensional (2D) Fourier transform can be 
used to recover spectra above and below the Littrow wavelength unambiguously. This 
technique will also double the spectral range of the mSHRS. 
As opposed to dispersive spectrometers, the mSHRS does not require a slit to 
control the spectral resolution and the spectral resolution is not a function of the focal 
length of the device. Instead, the resolving power of the mSHRS is proportional to the total 
number of grooves illuminated on both gratings, and is expressed as Eq. 4.3: 
																																																																			𝑅 = 2𝑊𝑑																																																	Eqn. 4.3 
where W is the width of the diffraction gratings, and D is the groove density of the 
diffraction gratings. The collection solid angle is related to the resolving power by Eq. 4.4. 
The full acceptance angle for a mSHRS with 150 gv/mm gratings is about 2°, or 1° for the 
half angle. Since the mSHRS has both a large entrance aperture, ~15 mm, and a large 
collection solid angle, the mSHRS has a higher throughput than a conventional dispersive 





While the CMOS sensor on the Mavic Platinum’s camera has many features that 
aid in its function as a spectroscopic detector, such as an increased number of pixels and 
smaller pixels, there are a few features that degrade its function. One such feature is the 
color filter array (CFA) which allows the interpolation of the colors of the objects imaged. 
The CFA is a grid of color filters overlaid on top of the sensor chip, each filter allowing 
only one range of wavelengths to pass to the pixel underneath. Then each pixel only detects 
wavelengths of light roughly corresponding to the red, green, or blue wavelength. To 
interpolate the color detected by each group of pixel, demosaicing algorithms are applied 
to the raw sensor output and an RGB value is assigned to each pixel. While this process 
allows color images to be obtained, spatial resolution is reduced due to the interpolation 
process and since most of the light impingent upon a given pixel is being filtered out, 
sensitivity is also reduced. The light rejection of the CFA throws away light unnecessarily 
when used as a detector for the mSHRS.  
RAW files were saved from the CMOS and processed using a MATLAB 
programed designed to extract the relevant information from the file metadata and correctly 
account for the CFA. This process had been discussed in detail in our previous paper.2 
Raman spectra were recovered by applying a rowwise FFT to the images after processing. 
Figure 4.2 shows Raman spectra measured with (a) the drone CMOS detector and 
(b) the laboratory CCD detector. The samples, 4.2A potassium perchlorate, 4.2B 
acetaminophen, 4.2C barite, and 4.2D ethanol, were measured with an f/3 collection lens. 
The inserts, I, for 2A show the interferogram for the sample, generated by summing all the 






Figure 4.2: Raman spectra of (A) potassium perchlorate, (B) acetaminophen, (C) barite, 
and (D) ethanol with (a) a CCD detector (PIXIS 2K/BUV) and (b) the drone CMOS camera 
(Mavic Platinum Pro). The interferogram cross sections (insert I) for potassium perchlorate 
were generated by summing the intensity of each column of pixels in the fringe image and 
applying background subtraction. Spectra measured with the CMOS used an exposure time 

























































In this equation, Imax and Imin are the maximum and minimum intensities in the 
interferogram. For an ideal interferogram, the fringe visibility is equal to one. The fringe 
visibilities for the spectra measured with the CMOS were slightly lower than those 
measured with the CCD. Barite had a FV of 0.24 and 0.35, ethanol had 0.16 and 0.36, 
potassium perchlorate had 0.23 and 0.27, and acetaminophen had 0.18 and 0.24 with the 
CMOS and CCD respectively. The higher noise of the CMOS detector is the most likely 
cause of the lower fringe visibilities, as this detector was at room temperature, while the 
CCD was cooled to -70° C. With the drone CMOS detector, an 8 s exposure time 
was used for all samples since that was the max exposure time that could be selected on 
the drone’s pre-defined list of exposure times, and the laser power was 250 mW. The 
exposure time for the CCD was 60 s for all samples and the laser power was 270 mW. 
Overall, the spectra had very similar signal to noise ratios (S/N), except for potassium 
perchlorate which only has a twofold difference between the detectors. For the CMOS and 
CCD detectors respectively, barite had a S/N of 44.83 and 67.6, ethanol had 180.8 and 
181.5, potassium perchlorate had 1181.2 and 2265, and acetaminophen had 469 and 458. 
One difference between the two detectors that would affect S/N is the number of pixels 
covered by the interferogram, however, the difference is not very large because while the 
CCD interferogram covers more pixels horizontally (~1900 vs ~1000), the CCD is limited 
in the vertical direction by the size of the chip, 512 pixels. The CMOS has no such 
limitation and can view the entirety of the interferogram in the vertical direction, covering 
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~ 900 pixels. The CCD does cover slightly more pixels, covering ~972,800 pixels vs 
~900,000 pixels on the CMOS detector, but the numbers are closer than originally thought.  
Though it is not shown, the CCD spectra had a larger spectral range than the CMOS 
spectra because the interferograms covered more pixels horizontally. The spectral range of 
the mSHRS is dependent on the resolving power, R, and the number of pixels, n, covered 
in the horizontal direction on the detector. For a given wavelength, l, the maximum 




Though the CMOS has more pixels in the horizontal direction than the CCD, not 
all of the pixels could be covered by the interferogram due to the lens on the drone camera. 
With the laboratory CCD, the grating face is directly imaged onto the CCD chip with an 
imaging lens as there is no other optic in front of the detector, however that is not the case 
with the drone. Since the smallest focusing distance of the drone lens is 0.5 m, if the drone 
lens itself were to be used as an imaging lens, the interferogram would be too small to have 
a usable spectral range, as it only covered ~ 75 pixels. Hence, another lens had to be used 
in combination with the drone lens. An f/2 lens was focused on the grating face and sent 
the light as a collimated beam into the drone lens, which was set to ∞, allowing the drone 
camera to be set arbitrarily close to the f/2 lens. Due to the size of mounts and the drone 
itself, 5 cm between the lens and the camera was the final distance. At this distance, the 
interferogram covered ~1000 pixels, and given a resolving power of 4200 for the mSHRS, 
the maximum spectral range at the 532 nm laser wavelength is 63 nm or about a 1980 cm-
1 Raman shift using a 532 nm laser. Using a smaller focal length lens than the f/2 would 
allow the drone to be closer to the mSHRS grating face and let the interferogram cover 
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more pixels, giving a larger spectral range, however, we were limited by the size of the 
mSHRS itself. An f/2 lens was the smallest focal length that was possible to focus on the 
grating face and be outside the mSHRS mount.  
Generally, the CCD spectra had a higher resolution than the CMOS, with a FWHM 
of 12 cm-1 for both the 941 cm-1 band of potassium perchlorate and the 988 cm-1 band of 
barite, 12 cm-1 for the 1323 cm-1 band of acetaminophen, and 15 cm-1 for the 880 cm-1 band 
of ethanol. By contrast, the CMOS spectra FWHM of 26 cm-1 for the 941 cm-1 band of 
potassium perchlorate, 26 cm-1 for the 988 cm-1 band of barite, 20 cm-1 for the 1323 cm-1 
band of acetaminophen, and 26 cm-1 for the 880 cm-1 band of ethanol. This lower resolution 
in the CMOS spectra can be accounted for by imprecise focusing of the CMOS chip. The 
lab mount for the CCD has controls to tilt in the vertical and horizontal direction, allowing 
for precise angling of the chip to match the angle of the grating face, directly imaging the 
fringes from the grating face onto the chip. With the CMOS, there was no mount to control 
this angle, so the fringes were not imaged as precisely, lowering the resolution. However 
this can be accounted for, as shown in Figure 3. 
Figure 4.3 shows a fringe image (FI) for a spectrum of potassium perchlorate 
measured with an f/3 collection lens, 250 mW of power, and an 8s exposure time. The 
fringe image has been divided into nine sections, each of which were used to create a 
corresponding spectrum using a row by row FFT, shown in Figure 4.3A. Notice how the 
941 cm-1 peak shifts from region to region. A dashed line has been added to the graph to 
help illuminate this shift. This is most likely due to the imprecise focusing of the CMOS 
chip due to the lack of a proper mount for the drone and its camera, causing the fringes to 





Figure 4.3: (FI) The fringe image for potassium perchlorate measured with the CMOS 
detector divided into nine regions. Exposure time was 8 s. (A) The Raman spectra 
corresponding to the nine regions from FI. A dashed line has been added to show how the 
941 cm-1 perchlorate peak shifts from region to region. (B) The nine spectra were adjusted 
so that the Raman shifts lined up and summed together. The solid line shows the corrected 
spectrum and the dashed line shows the  spectrum calculated using the entire chip. The 
corrected spectrum had a higher resolution, FHWM ~12 cm-1, than the total chip spectrum, 



















certain spectra have more shoulders than others. This could be due to several reasons, 
including imperfections on the diffraction gratings, or imperfections on in the CMOS 
pixels. With smaller regions selected, the rowwise FFT cannot average out those 
imperfections as it might be able to with a larger region. To achieve higher resolution and  
peak position and summed for the result in Figure 4.3B. The solid black line shows the 
correct spectrum while the dashed red line shows the spectrum for the row wise FFT of the 
entire grating face. The corrected spectrum has a FWHM of 12 cm-1 for the 941 cm-1 band, 
similar to the above spectrum from the CCD, while the total spectrum has a FWHM of 26 
cm-1. Note, that the corrected spectrum does not get rid of the previously mentioned 
shoulders, though it may be possible to with more regions and precise planning.  
The large acceptance angle and large field of view of the mSHRS allows a unique 
optical collection scheme to be effectively used with the drone.  The mSHRS collection 
optics can be removed for samples far enough away for the return light to be effectively 
collimated by distance, and subsequently eliminate the need for the laser to be focused on 
the sample.  Figure 4.4A shows the mSHRS spectrometer set up where no collection optics 
were used to measure the Raman spectra. The laser light was directed unfocused on to the 
sample with a Al-coated mirror, M, off axis, giving a spot size of about 2 mm. The rest of 
the mSHRS set up remained the same as previously described. 
Figure 4.5 shows Raman measurements of ammonium perchlorate (Fig. 4.5A), 
acetaminophen (Fig. 4.5B), cyclohexane (Fig. 4.5C), and barite (Fig. 4.5D) made without 
any collection optics. The inserts, I, for 4.5A show the interferogram for the sample, 
generated by summing all the rows of the fringe image and applying background 






Figure 4.4: (A) Schematic diagram of the mSHRS system without collection optics. S: 
sample; M: Al-coated mirror; F: filters; L1: f/2 collimating lens. (B) Schematic diagram of 
the mSHRS system with an optical fiber. S: sample; O: Optical fiber; C: Collimator; F: 























Figure 4.5: Raman spectra of (A) ammonium perchlorate, (B) acetaminophen, (c) 
cyclohexane, and (D) barite measured with the drone CMOS using no collection optics. 
Exposure time for each measurement was 8 s for each measurement, 10 measurements 
were taken, then summed. The inserts show the cross section for ammonium perchlorate. 
The fringe visibilities was 0.30 for ammonium perchlorate, 0.20 for acetaminophen, 0.30 




















optics, 0.30 for ammonium perchlorate, 0.20 for acetaminophen, 0.30 for cyclohexane, and 
0.27 for barite. The same is true for the resolution, ranging from 16 cm-1 for the 936 cm-1 
band of ammonium perchlorate to 30 cm-1 for the 801 cm-1 band of cyclohexane. Even with 
no collection optic to collimate the light into the mSHRS, at a sample distance of 65 cm, 
all of the light entering the spectrometer is within the acceptance angle of 1°, and thus the 
resolution should not be diminished, as we see here.  
The field of view of the mSHRS is 12.5 mm at a sample distance of 65 cm, much 
larger than the laser spot size of 2 mm.  This leads to an important advantage of the mSHRS 
for preforming Raman without collection optics, as aligning both the sample and laser spot 
within the field of view is much simpler with such a wide field of view. This ease of 
alignment would not be the case with a slit-based spectrometer. 
There are several advantages of collecting signal with the mSHRS without using a 
collection lens, such a ease alignment and forgiveness of alignment between the mSHRS 
optical axis and the laser spot.21 Another advantage is freedom from sample distance 
because there is no need to focus a collection lens. To demonstrate this point, ammonium 
perchlorate was measured at four distances from the spectrometer entrance: 25, 50, 75, and 
100 cm. Each position was measured three times, with the order randomized for each trial. 
The intensity of the 936 cm-1 band of ammonium perchlorate was calculated for each 
spectrum and averaged for the four sample distances, the resulting points are shown on the 
plot in Figure 4.6. The error bars can probably be accounted for by sample movement 
between trials and laser power fluctuation on the sample. A line of best fit was fitted to the 
four points, however it was shown to not be an inverse square curve as was expected with 






Figure 4.6: Plot of the Raman intensity of the 936 cm-1 ammonium perchlorate band as the 
sample was placed at four varying distances from the mSHRS entrance: 25, 50, 75, 100 











 off according to the inverse square law. However, this can be explained given a loss of 
intensity at closer distances. At closer distances, signal from the sample would be 
approaching the mSHRS at angles greater than the acceptance angle, causing the fringes to  
shift a pixel on the detector, thus intensity would be lost. This would flatten the curve 
slightly, shifting away from the inverse square curve. 
Another method of delivering the laser to the sample in a hard to reach environment 
would be with an optical fiber. Using the optical fiber to deliver laser light to the sample 
with the drone would be easier than flying a larger and heavier laser. The optical fiber is 
flexible and light and can be attached to the drone while adding minimal weight. Figure 
4.4B shows the mSHRS set up using a 3 m long, 550 micron diameter high power optical 
fiber, F,  to deliver the laser light to the sample. Light from the fiber was collimated with a 
10 mm SMA fiber optic collimator, C.  The samples were measured with 110 mW of power 
and with two different spot sizes, a 6 mm spot size, unfocused, and a 2 mm spot size, 
focused with an f/3 lens, not shown. To account for the low exposure time, the samples 
were measured 10 times, then the spectra were summed together. No collection optics were 
used on the optical axis of the mSHRS. Figure 4.7 shows Raman measurements made with 
the optical fiber of ammonium perchlorate (Fig. 4.7A), barite (Fig. 4.7B), and sulfur (Fig. 
4.7C). The spectra measured with the 2 mm spot size (a) and those measured with the 6 
mm spot size (b) are very similar. The inserts, I, for 4.7C show the interferogram for the 
sample, generated by summing all the rows of the fringe image and applying background 
subtraction. The FV for both spectra were very close with ammonium perchlorate having 
0.35 and 0.30, barite having 0.28 and 0.30 and sulfur having 0.39 and 0.33 for focused and 




Figure 4.7: Raman spectra of (A) ammonium perchlorate, (B) barite, and (C) sulfur 
measured with the drone CMOS using an optical fiber to deliver the laser light to the sample 
with (a) a 6 mm spot size and (b) a 2 mm spot size. Exposure time was 8 s for each 
measurement, 10 measurements were taken, then summed. The inserts show the cross 
section for sulfur. The 6 mm spot size had fringe visibilities of 0.30 for ammonium 
perchlorate, 0.30 for barite, and 0.33 for sulfur, while the 2 mm spot size had fringe 






































 ammonium perchlorate having 115 and 135, barite having 188 and 153, and sulfur having 
402 and 361 for focused and unfocused respectively. The spectral resolution of the Raman 
spectra was independent of the size of the laser spot on the sample. This is again due to the 
wide field of view of the mSHRS. At 65 cm, the field of view of the mSHRS is much larger 
than the laser spot size of 6 mm, meaning the signal from both spot sizes gets in equally. 
A slit-based spectrometer would not be able to get the same amount of signal equally from 
both spot sizes. 
To test the effect that the drone rotors would have on the camera stability, we 
measured Raman with the rotors running. For this experiment, the gimbal holder was 
removed, allowing the gimbal to move freely and stabilize on the drone camera. The 
drone’s gimbal has a 3-axis stabilization in pitch, roll, and yaw. The same optical fiber set 
up with a 6 mm spot size as previously described was used for these measurements. A 
sulfur pellet was placed about 65 cm away from the mSHRS and 100 mW of power was 
shown on the sample while the drone rotors were turned on. The 6 mm spot size is 
necessary to keep sulfur from showing signs of photodegradation at this high power. As 
shown previously, field of view of the mSHRS at this sample distance is large enough to 
cover this entire spot size. At higher exposure times, the vibrations from the rotors running 
were too high for the gimbal to account for and no fringes could be seen on the fringe 
images. However, at 0.25 seconds, fringes could be seen, as shown in the fringe image in 
Figure 4.8 labeled FI. The FV of the interferogram, I, is 0.40, which is very high given the 
lack of baffling around the spectrometer and the vibrations of the drone rotors. To achieve 
the spectrum shown in Figure 4.8, 10 images were taken, then summed. The spectrum has 






Figure 4.8: Raman spectrum of sulfur measured with a drone CMOS while the drone’s 
rotors were running. Insert, I, shows the cross section generated by summing the intensity 
of each column of pixels in the fringe image, FI, and applying background subtraction. 
Exposure time for the measurement was 0.25 s, 10 measurements were taken, then 

















A mSHRS has been demonstrated using a commercially available drone with a 
CMOS detector to collect Raman data and compared to a scientific-grade CCD. Despite  
the differences in temperature, number of pixels, and quality of mounts, the two detectors 
had comparable S/N and spectral resolution. The CMOS detector was also used to measure 
Raman spectra without collection optics and using an optical fiber to demonstrate how the 
large acceptance angle and large field of view of the mSHRS allows a unique optical 
collection scheme to be used effectively with the drone. Finally, Raman spectra was 
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